Detailed information has been obtained on the normal lung mechanics, lung ventilation and blood gases and pH in unanaesthetized, restrained male and female rhesus monkeys. This information is compared with the limited amount of data previously available on lung function in the rhesus monkey, and with the pulmonary characteristics of the baboon and cynomolgus monkey.
On a obtenu de l'information detaillee sur la mecanique normale du poumon, la ventilation du poumon et les gazes du sang et Ie pH dans des singes males et femelles Rhesus tenus immobiles et non-anesthesies. Cette information est comparee avec les donnees tres limitees qu'on avait jusqu'alors sur Ie fonctionnement du poumon du singe Rhesus, et avec les traits caracteristiques pulmonaires du babouin et du singe cynomolgus.
Only a small amount of published information is available on lung function and blood gas characteristics of the rhesus monkey (Stahl & Malinow, 1967) . For example, data on the mechanical properties of the rhesus monkey lung, based on examination of 4 anaesthetized, tracheotomized animals, have been presented by Crosfill & Widdicombe (1961) . Details of blood gas and pH values in this and other primates are more readily available but are still relatively limited (Munson, Gillespie & Wagman, 1970) .
Because of the widespread use of the rhesus monkey for laboratory studies, it is worthwhile to present information on normal lung physiology of this animal, and we have measured the lung mechanics, lung ventilation and blood gases and pH characteristics in a colony of 18 monkeys. Some comparison is made between the lung physiology of the rhesus monkey, based on this work, and the pulmonary characteristics of other small primates commonly used in the laboratory.
MATERIALS AND METHODS
Rhesus monkeys (Macaca mulatta), weight range 2.4-4.3 kg, were obtained from a commercial supplier and subjected to routine veterinary examination in our laboratories. This included X-ray examination and an intrapalpebral tuberculin test. Animals were kept in individual cages and had free access to food and water. Individual animals were offered daily 150 g of a mixed dry diet, containing 100 g FPl diet (E. Dixon & Sons Ltd, Crane Mead Mills, Ware, Hertfordshire) and 50 g diet A (Cooper Nutrition, Stepfield, Witham, Essex), a 50 g 'Kenno' dog biscuit (Spillers Ltd-Patent Ltd, Central House, Cambridge Road, Barking, Essex), a slice of wholemeal bread, and a small amount of fresh fruit. Once weekly animals were given blackcurrant juice and 'Cytacon' (Glaxo Ltd, Greenford, Middlesex) . The monkeys were held in the primate holding facility for approximately 2 months before any lung function tests were carried out.
All lung function measurements were made with the unanaesthetized animals seated quietly in a restraining chair and fitted with a face mask. The dead space within the face mask was minimized by using rubber liners specially moulded to fit the snouts of individual animals. An airtight seal around the face was achieved by using a rubber dam stretched tightly over the back of the mask, through which the snout of the animal was fitted.
Air flow into and out of the lungs was determined by using a pneumotachograph fitted to the front of the mask, and a gas pressure transducer (model 270; Hewlett-Packard Equipment Ltd, 224 Bath Road, Slough, Buckinghamshire) which measured the pressure differential across the pneumotachograph.
Lung volume changes were obtained by electrical integration of the flow signal with respect to time.
Intrapleural pressure was measured using a saline-filled nylon catheter of 0.6 mm internal diameter connected to a pressure transducer (Hewlett-Packard 268B). The catheter was inserted, under local anaesthesia, at the level of the 4th intercostal space, approximately 3 cm lateral to the mid-sternal line.
Respiratory mechanics were measured using an on-line digital computer system which gave almost instantaneous teletype presentation of mechanics values. Data extraction was based on standard methods (Frank, Mead & Ferris, 1957; Amdur & Mead, 1958) from simultaneous measurement of flow, volume and pressure changes during quiet respiration. Measurements were made of: tidal volume (Vt); respiration rate (f); respiratory minute volume (RMV); duration of expiratory phase, as percentage of duration of the complete respiratory cycle (DEDC); pressure change between end tidal volume at inspiration and expiration (Vtp); dynamic lung compliance (Cdyn (1)); pulmonary resistance during inspiration (Rl (i)); pulmonary resistance during expiration (Rl (e)); average pulmonary resistance (Rl).
Lung ventilation of rhesus monkeys was assessed by using a nitrogen washout technique based on the method of Darling, Cournand & Richards (1940) .
After being fitted with a face mask and a suitable valve system, the animal breathed room air until a steady 'normal' respiratory pattern was obtained. To begin the test, at the end of a normal expiration the animal began to breathe from a continuous stream of pure oxygen. Breath-by-breath analysis of nitrogen content of inspired air, which was also collected in a small spirometer, was made using a nitrogen analyser. The animal continued to breathe pure oxygen until the nitrogen content of expired air was reduced to 2 %.
From this test the following parameters were determined: total time breathing pure oxygen to reach 2 % nitrogen in expired air (t-2 %); total number of breaths breathing pure oxygen to reach 2 % nitrogen in expired air (n-2 %); cumulative volume expired air to reach 2 % nitrogen in expired air (Cvt-2%).
Measurements of base excess (for definition see Siggaard-Andersen, 1971 ), blood gases and pH were made on 200 III samples of blood taken from the femoral artery of restrained, fully-conscious supine animals. Analyses were carried out immediately after sampling, using a BMS3 microsystem (Radiometer AIS, Emdrupvej 72, DK 2400, Copenhagen NY, Denmark) after the methods of Servinghaus (1968) and Siggaard-Andersen (I963).
RESULTS
Details of measurements of lung mechanics, lung ventilation and blood gases and pH are given in Tables 1, 2 and 3. Lung mechanics measurements were made on 16 animals after a holding period of 2 months. To give some indication of the normal scatter of values, Table 1 shows the individual lung mechanics values for animals of both sexes and the total mean for the group of 16 animals. No significant differences between sexes in mean values for lung mechanics were seen for any of the 10 physiological characteristics measured. Measurements to assess lung ventilation were made after a 2-month holding period on 18 monkeys, and again after a further 3 months on 6 of the original ]8 animals ( Table 2) . Ventilation characteristics showed no differences between male and female animals at 2 months.
For the later period, because of the small number of animals involved, comparison between sexes was not worthwhile. However, comparison of total mean values obtained does show a marked stability of ventilation characteristics between the 2 test periods.
Blood samples were taken from 18 animals after a holding period of 2 months, and from 6 animals after 5 months (Table 3) . Again, there were no differences between sexes, and comparison of the 2-month and 5-month values showed group mean values for pH, pO 2 and pCO 2 to be very consistent. Mter 5 months, base excess values tended to be reduced. This observation has been made consistently with other primate species kept for relatively long periods in our laboratories. It is likely that the response may be due partly to a general improvement in the conditions of animals throughout a long holding period. Also regular handling of animals may reduce the stress imposed during later bleeding sessions. Although we have no data on circulating lactic acid levels at the time of bleeding, a reduction in this parameter would tend to produce the reduction in base excess seen in our animals after a 5-month holding period.
DISCUSSION
It is not possible to make a direct, detailed comparison of the lung mechanics data for rhesus monkey presented in this paper against the information given by Crosfill & Widdicombe (1961) for the same species, since the size of animals and the experimental situations used differed markedly. However, some brief comment is worthwhile.
Tidal volume and RMV of the animals in our study were much greater than those measured previously. For example, the lowest tidal volume recorded for our monkeys was 22.8 ml compared with a low of 9 ml recorded by Crosfill & Widdicombe. This difference can be attributed to the small size of animals used by Crosfill & Widdicombe, and also to the fact that their animals were anaesthetized, whereas the larger animals used for our work were fully conscious during testing.
Lower airways resistance, as measured in tracheotomized animals (Crosfill & Widdicombe) , represents approximately 40-45 % of the total airways resistance measured in the intact animal in this study. The airflow resistance due to the upper airways (including nasal passages) above the level of the trachea represents approximately 55-60% of total airways resistence in the rhesus monkey. It is interesting to note that measurements of airways resistance in man show a similar partition, upper airways resistance accounting for 49 % of total airways resistance in normal healthy subjects (Hyatt & Wilcox, 1963) . In order to give a comparison of mechanical characteristics of the lungs of different primate species, a summary is shown in Table 4 . This is of interest because of the general lack of information on these important laboratory animals, and also because the table brings together data collected from different species examined under similar conditions in one laboratory. Interspecific comparisons are therefore much more satisfactory.
As might reasonably be expected, the mechanical characteristics of the rhesus monkey, cynomolgus monkey and baboon are basically similar for animals of roughly the same size, with only minor differences between species. This similarity in the pulmonary function in small primates is also reflected in the data on lung ventilation characteristics of rhesus and cynomolgus monkeys shown in Table 5 . To determine whether real differences in pulmonary characteristics do exist, investigations of much larger numbers of animals of each species would be necessary.
Results of the blood gas analyses for rhesus monkeys reported here do not agree precisely with previously published data for fully-conscious restrained animals. Munson, Gillespie & Wagman (1970) , and Forsyth, Nies, Wyler, Neutze & Melmon (1968), using animals with indwelling arterial catheters, showed values for pH, base excess, pCO 2 and pO 2 for blood samples, which were higher than those measured in this study.
It has been shown that for cynomolgus monkeys, variation in acid-base balance of the blood, in the form of moderate to severe metabolic (non-respiratory) acidosis, can occur during experimental procedures which may stress the animals (Banerjee, Alarie & Woolard, 1968) , and this may be due to the increased lactic acidaemia of struggling animals (Pitts & McClure, 1967) .
It is likely that any differences in blood gas and base-excess/pH characteristics of rhesus monkeys as determined here and by Munson et al. (1970) and Forsyth et at. (1968) are probably due to the different bleeding techniques used, i.e. arterial puncture against sampling from a chronic indwelling catheter. Some evidence of the effect of sampling procedure is given by comparison of base excess and pH values in blood samples taken from animals after the 2month and 5-month holding periods. After a 2-month holding period, animals showed a mean base excess of -9.6mEq/1 and a pH of 7.34. After a further 3 months, during which time animals became more used to the daily handling to which they were subjected, the mean base-excess value was -4.8 and pH had increased slightly to 7.39. These changes are perhaps attributable to a certain extent to reduction in stress, and lactic acidaemia, during the 2nd bleed. No differences in blood gas tensions were seen on comparison of the 2-month and 5-month values. Depending on the type of information required from such analyses, particularly for comparative studies, some consideration must be given to the arterial blood sampling techniques used.
The details presented in this study give a fairly comprehensive coverage of 'normal' lung function of the rhesus monkey.
As far as we are aware, many of the physiological details are presented here for the first time. It is hoped that the information given for the rhesus monkey, together with the comparative data for cynomolgus monkey and baboon, will be of potential value to many workers using these animals for research purposes.
